Wild-type and mutant double-stranded RNA (dsRNA) species from the yeast Saccharomyces cerevisiae were studied by electron microscopic heteroduplex mapping to determine the sequence relationships among the different RNA molecules. Three mutant dsRNAs, 1.5, 1.4, and 0.73 kilobase, were found to be derived by the same internal deletion of the wild-type (1.83 kilobases) molecule. This deletion includes a segment of about 200 base pairs that was estimated to be nearly 100% A + U. In addition, the sequences of the two larger mutant RNA species are tandem, direct duplications. One of the duplicated molecules appears to have a second internal deletion that occurred after the duplication. The mutant dsRNAs are functionally similar to the defective interfering virus particles of anima viruses all of the mutant species prevent the propagation of the wild-type dsRNA when both are present in the same cell. The four dsRNAs share the same sequences at their termini, a finding that may suggest that these sequences are important for the replication of the dsRNAs.
M-dsRNA was believed to produce toxin and immunity to toxin because (i) the non-Mendelian segregation of these two killer traits is paralleled by cytoplasmic transmission of the dsRNA, and (ii) strains with an alteration in either toxin production or immunity either lack the M-dsRNA or have an altered form of it (4, 5) . Recently, in vitro translation experiments have proved that M encodes the killer toxin (J. Hopper, personal communication). Denatured M-dsRNA directed the synthesis of a protein that, although larger than killer toxin, crossreacted with antiserumto toxin and contained all of the tryptic peptides of toxin produced in vivo. In similar in vitro experiments, the L-dsRNA directed the synthesis of the major capsid protein of the virus-like particles (6) .
Nonkiller mutants have been isolated that lack the M-dsRNA but have smaller (S) dsRNA species (7) . When these mutants are mated to a killer strain the S-dsRNAs prevent or "suppress" the propagation of the M-dsRNA in the resulting diploids. With continued growth, the diploid cells rapidly become nonkillers and the M-dsRNA can no longer be detected. These suppressive S-dsRNAs therefore, are analogous to defective interfering virus particles, the subgenomic nucleic acid species of animal viruses that limit the replication of the standard virus during co-infection (8) .
This report describes electron microscopic heteroduplex mapping experiments between the M-and S-dsRNAs. The 4224 heteroduplexes studied show that the S-dsRNAs arose by de- letions of M-dsRNA sequences. The various S-dsRNAs are also related to each other by sequence reiteration or further deletion. One aspect is common to all the suppressive S-dsRNAs namely, the sequences at both ends of M-dsRNAs are retained as termini in the S-dsRNAs.
MATERIALS AND METHODS Yeast Strains. The killer (A8209B) and suppressive nonkiller (T132B NK 17, 19 , and 20) strains have been described (7) . The suppressive strains were derived directly from the same parent strain, T132B, a derivative of A8209B that has the property of segregating killers and suppressive nonkillers.
Chemicals. Formamide (Matheson, Coleman, and Bell) was purified twice by recrystallization at 00 (9) .
Preparation of dsRNA. dsRNA was prepared from unbroken cells; this method reduced contamination by DNA and ribosomal RNA (4) . Cells were washed with 50 mM Na2EDTA (pH 7.0), incubated for 15 min in 50 mM Tris-H2SO4 (pH 9.3) containing 2.5% 2-mercaptoethanol, and then stirred for 1 hr at room temperature with 0.1 M NaCl/10 mM Tris-HCI, pH 7.5/10 mM Na2EDTA/0.2% sodium dodecyl sulfate and an equal volume of redistilled phenol. Nucleic acid in the aqueous phase was recovered by ethanol precipitation, dissolved in 2.0 M LiCI/0.15 M NaCI/0.015 M Na3 citrate and incubated at least 8 hr at 4°. The resulting LiCl precipitate was removed by centrifugation and the nucleic acid in the supernatant was recovered with ethanol and electrophoresed under nondenaturing conditions on a 1.5% agarose slab gel containing 1 Atg of ethidium bromide per ml (10) . To recover the dsRNA, the gel bands were visualized with shortwave UV illumination, cut out, homogenized, and extracted with 0.3 M NaCI/50 mM Tris-HCl, pH 7.5/5 MM Na2EDTA and an equal volume of phenol (2 hr, 370). The RNA was precipitated from the aqueous phase with 2 vol of ethanol at -20°and recovered by centrifugation (175,000 X g, 90 min). The RNA was dissolved in 100-200 Ml of 0.1 M Tris-HCI, pH 7.0/10 mM Na2EDTA and dialyzed extensively against the same buffer.
Electron Microscopy. Native molecules were mounted for electron microscopy, according to the isodenaturing spreading procedure of Davis et (14) . Under our experimental conditions, no secondary structure was observed in the denatured RNA.
RESULTS
The dsRNA species of the killer and suppressive nonkiller strains were separated on 1.5% agarose slab gels (Fig. 1) . All of the strains contained the L-dsRNA. The suppressive strains T132B NK 17, 19, and 20 lacked the M-dsRNA of the killer, but they had the smaller RNA species designated Si, S3, and S4, respectively. The sizes (mean ± SD) of the dsRNAs, determined under the conditions of electron microscopy used, are 1.83 + 0.05 (n = 173), § 1.50 + 0.05 (n = 194), 1 .40 + 0.06 (n = 228), and 0.73 ± 0.04 kb (n = 191) for M, S1, S4, and S3. These sizes agree with the molecular weights determined previously under different conditions of electron microscopy (7) . In the presence of the denaturing agent methylmercuric hydroxide, electrophoresis of the dsRNAs resulted in sharp bands with mobilities equivalent to half their molecular weights, a result that indicated that the RNAs were free of hidden single-stranded breaks and proved that they did not exist in a hairpin structure (data not shown).
Electron Microscopy of Native dsRNA Molecules. To observe unpaired segments in heteroduplexes the conditions of electron microscopy used were chosen because they were expected to cause sufficient extension of single-stranded RNA. With these conditions, we observed routinely a large bubble (0.20 ± 0.04 kb, n = 173) in the center of the M-dsRNA molecule ( Fig. 2A) . Usually, 50-70% of the molecules had this bubble and its position was the same in each molecule. The bubble, however, was never observed in any of the S-dsRNA species, a fact that was later useful in describing the sequence relationships among the RNA species (see below). Increasing the cation concentration of the hyperphase from 20 mM to 80 mM § n in parentheses refers to the number of molecules measured. molecules were observed, many of which now had the denaturation bubble. Contour length measurements of 135 renatured molecules showed that the average size and position of the bubble, as well as the overall length, were the same as for native molecules (data not shown). When the S1-dsRNA was denatured' and reannealed, many of the molecules were found to be circular (Fig. 2B) . These circular molecules, which were absent from preparations of native S1-dsRNA, appeared to be completely double-stranded and had an average size of 1.46 ± 0.06 kb (n = 157), essentially equal to that of native Si. Circular molecules were not seen in hybridization of S3 with M (see below), so we concluded that S3 does not circularize upon reannealing.
To determine the sequence relationships among the M-, Si-, and S3-dsRNAs, the RNAs were hybridized to each other. When M was hybridized to Si, a number of structures were observed consisting of double-stranded segments and singlestranded "loops" and "tails". The example in Fig. 3A contains two single-stranded segments; it is not a molecule with a large denaturation bubble because the two single-stranded segments have different sizes (1.14 + 0.11 and 0.82 + 0.08 kb, n =+ 98>. The examples in Fig. 3 B and C appear similar to each other but they are in fact different. Thirty-six examples like Fig. 3B and 23 examples like Fig. 3C were found to have the same size single-stranded tail (0.70 i 0.08 kb), the same size loop (1.18 ± 0.09 kb), and the same two short duplex segments (0.50 ± 0.04 and 0.22 ± 0.03 kb). However, the tail on the form in Fig.  3B adjoins the longer duplex segment whereas the tail on that in Fig. 3C adjoins the shorter. The example in Fig. 3D also has the same loop and tail but in this case the tail adjoins a much larger duplex (1.23 ± 0.09 kb, n = 5). The example in Fig. 3E contains two loops separated by a 0.79 ± 0.07 kb duplex, as well as the two smaller duplex segments. All of these structures were observed in every experiment involving M-and Sl-dsRNA; they are hybrid molecules because they were observed only if the two species were mixed. Finally, when M was hybridized to S3, only one type of heteroduplex was found (Fig. 3F) .
These results in conjunction with data communicated to us by J. Bruenn were used to devise a model to describe the sequence relationships of the dsRNAs. A critical piece of information was that the RNA fingerprint of S1-dsRNA was exactly the same as that of S3, a result that suggested that SI is a dimer of S3 (16) Proc. Natl. Acad. Sci. USA 75 (1978) outlined in Fig. 4A , of the sequence relationships of the M-, Si-, and S3-dsRNAs. The S3-dsRNA (ABCI) was assumed to be derived from M-dsRNA (ABCDEFGHI) by.an internal deletion of 60% (the difference in size between M and S3) which covers the denaturation bubble. Hybridization of M with S3 then yields heteroduplex VIII (Fig. 3F) . The S1-dsRNA was postulated to be a tandem, direct duplication of S3. When denatured Si is reanneakld it is able to form circular structures with a contour length identical with that of native SI (I); furthermore, by hybridizing to M, Si generates the three primary heteroduplexes II, III, IV shown in Fig. 3 A-C. Two of these hybrids have single-stranded tails that are free to pair with an additional strand of either M or Si to give molecules VI and VII of Fig. 3 E and D, respectively. The interpretation given in Fig. 4A was supported by the contour length measurements (Table 1 ) of all the various segments of each heteroduplex. These data showed that a given single-stranded or double-stranded segment had the same av- erage size in each type of structure in which it occurred. Moreover, the combined sizes of the various segments of a given structure equaled the total size of the two (or three) molecules that were paired to produce the hybrid. For example, the two double-stranded ends of the M-S1 heteroduplex in Fig. 3A ( i.e., ABC and I) averaged 0.50 and 0.22 kb. One of the singlestranded segments of this structure was 1.14 kb; the total, 1.86 kb, is the size of native M-dsRNA. The other single-stranded segment was 0.82 kb and gave a total of 1.54 kb, which agrees closely with the size of native S1-dsRNA. The sequence arrangement of the S4-dsRNA was investigated in a similar fashion. When reannealed alone, S4 was found to form circular structures also but these circles differed from those produced by Si because they contained a short linear tail that appeared to be double-stranded (Fig. 5 A and B) . Nevertheless, in hybridization experiments the S4-dsRNA combined with M to give the same series of heteroduplex structures as was observed for a mixture of Si and M. Length measurements of heteroduplex X (shown in Fig. 5C ) showed that the terminal double-stranded ends of this hybrid (0.51 ± 0.03 and 0.23 ± 0.03 kb, n = 55) were the same sizes as their counterparts in the analogous M-S1 hybrid (i.e., II). Also, the single-stranded segments of this structure (1.08 + 0.10 and 0.68 ± 0.08 kb) corresponded to the sizes of the remainder of the M and S4 molecules. These results, therefore, suggested that S4 is a tandem duplication like Si and that S4 is also related to M by at least the same deletion as the one that produced SI and S3. Yet, the observations did not explain the difference between the Si and S4 circular molecules that result from reannealing of these species alone.
A possible explanation for the difference between Si and S4 is outlined in Fig. 4B . The S4-dsRNA, which is 7% smaller than Si, is assumed to be derived from Sliby a small deletion. This deletion may be anywhere in SI except within the terminal sequences which Si shares with M. As a result of the deletion, when the complementary strands of S4 pair to form a circle, two short, unpaired segments will be produced (IX). An of such a structure is the molecule shown in Fig. SD Fig. 5D were found among several hundred circular molecules; yet, this infrequent observation is not surprising because the postulated unpaired segments are closely apposed and so should almost always anneal to each other.
To try to confirm the sequence arrangement of S4-dsRNA, we examined hybridizations between S4 and S1. As shown in Fig. 4B , an S1-S4 heteroduplex is expected to be either a circular (XI) or a linear structure (XII) with one unpaired segment. Two molecules that appear to be examples of structure XI are illustrated in Fig. 6 . These structures resemble the expected S1-S4 hybrid, although it was often difficult to distinguish them from the circular S4 homoduplexes which have a tail (such as the one in Fig. SB) , even though the short unpaired segment of the S1-S4 heteroduplex should be single-stranded whereas the tail of the S4 homoduplex is double-stranded. Nevertheless, the examples shown are probably hybrids because, when two unpaired segments in an S4 homoduplex anneal to form a double-stranded tail, topological constraints should cause the resulting molecule to form a "figure 8" (see Fig. 5A ). On the other hand, a heteroduplex between Si and S4 should not have any twist, as the molecules in Fig. 6 . In fact, fewer figure 8s were observed in S1-S4 hybridizations than in experiments in which S4 was annealed alone (data not shown). Despite these observations, however, we could not identify positively the linear S1-S4 heteroduplex (XII) predicted by the model (one possible example appears below the circular molecule in Fig. 6B ). This failure may be due to the small size of the expected loop. No other unusual structures were observed in these experiments, a result that is consistent with the proposed interpretations, but a firmer conclusion regarding the structure of S4 should await further study.
DISCUSSION
The present electron microscopic study has revealed many aspects of the structure of the yeast dsRNAs. Within the resolution of the methods, the three suppressive S-dsRNAs are all derived from the wild-type M-dsRNA by the same internal deletion. Two of the S-dsRNAs contain a tandem duplication and one of the duplicated molecules has a further deletion. These conclusions, which we think are the simplest explanation of the heteroduplexes, are based on the contour length measurement data given above and the reported RNA fingerprint analysis (16) . The difficulty encountered in distinguishing S1-S4 heteroduplexes could probably be overcome with additional techniques. Because the S4-and S1-dsRNAs differ in size by about 100 base pairs, the small loop in an S4-S1 heteroduplex (assuming S4 is a simple deletion of Si) might be resolved better with the aid of T4 or Escherichia coli single-stranded DNA (17) (18) (19) (20) . These results were consistent with the expectation that the defective molecules retain the origins of replication in order to compete with the standard virus. Recent studies, however, reveal that the defective molecules of some negative-strand RNA viruses are derived from the 5' end of the standard genome whereas the 3' portion is not retained (21, 22 ). It appears that, during replication along the plus-strand template, a nascent minus-strand forms a hairpin loop upon itself and the replicase enzyme finishes its synthesis by using the 5' end of the nascent strand as template. Nevertheless, it seems likely that the sequences conserved in the defective molecules are necessary for replication. The sequences present at the termini of the yeast M-dsRNA are retained as termini in all three suppressive dsRNAs we studied, even though two of the molecules were duplicated and one acquired a further deletion. Conservation of these sequences may therefore imply that the S-dsRNAs interfere with the propagation of the M-dsRNA at the level of replication.
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